41
Recently, we reported promoter-proximal pause-like distributions of Pol II on 42 many genes in fission yeast 4 , yet whether such pausing is regulated through kinase 43 activity is not known. In metazoans, kinase inhibitors, including 5,6-dichloro-1-β-D-44 ribofuranosylbenzimidazole (DRB) and flavopiridol (FP), which primarily inhibit Cdk9, 45 have been instrumental in the discovery of promoter-proximal pausing as a major 46 regulatory hurdle for most genes [5] [6] [7] [8] . However, off-target effects of chemical inhibitors 47 make selective ablation of Cdk9 activity in vivo nearly impossible 9 . 48
To isolate the immediate impact of loss of Cdk9 activity on Pol II pausing and 49 elongation at single nucleotide resolution in fission yeast, we performed PRO-seq in an 50 analog sensitive mutant (AS) strain, cdk9 as , which is vulnerable to inhibition by the 51 addition of 3-MB-PP1 10 . Phosphorylation of Spt5 was undetectable after one minute of 52 drug addition in cdk9 as (Fig. 1a) , while CTD residues were largely unaffected, within the 53 timeframe tested (Extended Data as profiles with wt profiles revealed no obvious differences (Extended Data Fig. 2a ) 61 and addition of 3-MB-PP1 to wt cells produced almost no transcriptional changes 62 (Extended Data Fig. 2b ), indicating that this system has little to no basal phenotypes of 63 the AS mutation or off-target drug effects. To evaluate the effect of Cdk9 on promoter-64 proximal pausing, genes were divided into quartiles based on their pausing index (PI), 65 which measures the enrichment of Pol II in the promoter-proximal region (TSS to +100 66 nt) relative to the gene body. Although we observed striking changes in average gene 67 body PRO-seq signal resulting from 5 minutes of cdk9 as inhibition, pausing did not 68 explain this effect (Fig. 1b) . 69
Inhibition of pause escape in mammals is known to result in an increase in 70 engaged, promoter-proximal Pol II coinciding with loss of signal from the gene body 6 , 71 yielding a greater PI for many genes. In contrast, we find few genes with significant 72 increases in promoter proximal Pol II upon Cdk9 inhibition (Extended Data Fig. 2c & d) . 73 Moreover, compared to wt, cdk9 as cells exhibit a global decrease in pausing index as a 74 result of 5 minutes of treatment with 3-MB-PP1 (Fig. 1c, Extended Data Fig. 2e Fig. 3a, b) . Importantly, no gross 83 transcriptional differences were observed in untreated mcs6 as5 compared with wt 84 (Extended Data Fig. 2a ). Within minutes of treatment, we observed measurable losses in 85
Ser5-P and Ser7-P in the mcs6 as5 strain, while these marks in wt cells were unaffected 86 (Fig. 2a) . The analog sensitive Lsk1 (lsk1 as ) was also inhibited by 10 µM 3-MB-PP1 87 (Extended Data Fig. 3c ). However, despite the clear impact on Ser2 phosphorylation 88 (Extended Data Fig. 4a) , there was almost no visible change in transcription upon 89 treatment of lsk1 as with 10 µM 3-MB-PP1 for 5 minutes (Extended Data Fig. 4b-d) . In 90 contrast, loss of Mcs6 or Cdk9 activity produced abrupt changes at both ends of 91 individual genes (Fig. 2b) Fig. 5) . 96
Composite PRO-seq profiles around transcription start sites (TSS) and cleavage 97 and polyadenylation sites (CPS) revealed global kinase-dependent effects at both ends of 98 transcription units (Extended Data Fig. 5) . Surprisingly, the loss of signal at gene 3' ends 99 upon inhibition of Mcs6 or Cdk9 was only observed on longer genes (Fig. 2c) . 100
Differential expression analysis 13 was used to verify differences in treated and untreated 101 PRO-seq counts within 3 discrete regions of each gene: 1) the promoter (TSS to +100), 2) 102 the early gene body (+150 to +450 from the TSS), and 3) the late gene body (-300 to 103 CPS) (Fig. 2d) . Most strikingly in cdk9 as , and to some extent in mcs6 as5 , when genes 104 were sorted by increasing length, distance from the TSS appeared to dictate the pattern of 105 changes within the gene body regions. Although promoter-proximal regions were only 106 subtly affected, early gene bodies were consistently found to show increases in signal in 107 response to Cdk9 or Mcs6 inhibition. However, late gene bodies displayed results relating 108 to the region's distance from TSS, where short genes exhibited increased signal and long 109 genes had decreased signal within the last 300 bp of the transcription unit (Fig. 2e) . 110
Several mechanisms might explain the observed gene length-dependent effects 111 on transcription. In the absence of Cdk9, Pol II may exhibit a compromised 112 processivity 14 preventing transcription elongation beyond a certain distance from the TSS. 113
Alternatively, the altered transcription profiles may reflect a reduced rate of early 114 transcribing ECs incapable of, or delayed in, accelerating to the natural productive speed. 115
We reasoned that these proposed explanations could be resolved by examining a 116 time course of Pol II distribution on genes following rapid Cdk9 inactivation. For 117 instance, a defect in Pol II processivity would result in premature termination at roughly 118 the same distance from the TSS, regardless of time after 3-MB-PP1 addition, whereas a 119 rate defect might reveal a downstream-shifting "wave front" with time of inhibition. 120
Thus, we performed a high-resolution time course of treatment with 3-MB-PP1 followed 121
by PRO-seq, focusing specifically on the severe phenotype in cdk9 as . 122
Strikingly, individual genes reproducibly exhibited a shifting distribution of 123 transcribing Pol II, which appeared to propagate from the TSS toward the 3' ends of 124 genes over time ( ends was gradually recovered with the advancing Pol II density (Fig. 3b) . 129
To better understand the propagation of increased Pol II density following the 130 initial loss in downstream signal, we prepared composite profiles at each time-point 131 considering only the longest genes in our filtered set (at least 6 kb, n = 38). Intriguingly, 132 average profiles for these genes reveal a fleeting recession of Pol II density towards the 133 CPS (Fig. 3c ) -a phenomenon also obvious within individual genes ( Fig. 3a ; see 1-134 minute and 2.5-minute time-points). This rapid clearing of gene bodies is reminiscent of 135 the affects of FP in mammals, where late transcribing polymerases continue rapidly to 136 clear off genes, apparently unaffected by the drug 6 . Although not fixed at a specific 137 pause position as in mammals 15 , early transcribing complexes (< 1kb from the TSS) 138 appear to proceed with a decreased elongation rate after the inhibition of Cdk9, indicative 139 of a critical regulatory step during the early stages of elongation in fission yeast (Fig. 3d) . 140
Additionally, our transient detection of an unaffected population, rapidly elongating 141 beyond the CPS, suggests differences in transcription rate, rather than premature 142 termination, are the cause of downstream clearing. 143
Gene activation and repression have been used to derive transcription kinetics in 144 mammals by following changes in Pol II distributions over time 6, 16, 17 . By adapting a 145 previously described model 18 , our high temporal and spatial resolution data allowed us to 146 determine the distance covered by the advancing waves accurately, despite the 147 comparatively short lengths of S. pombe genes (Fig. 4a) . For 43 filtered genes longer 148 than 4 kb we were able to estimate advancing wave distance at every time point from 30 149 seconds to five minutes based on the differences between treated and untreated signals 150 within tiled windows across each gene (Extended Data Fig. 7a ). Consistent with a 151 forward moving population of Pol II, distance estimates increased with time of Cdk9 152 inhibition (Fig. 4b) . Moreover, by fitting a linear regression to distance travelled over 153 time elapsed, we determined that the average rate of transcription in this population was 154 376 bp/minute (Fig. 4c, Extended Data Fig. 8a) . 155
The observation of a temporarily expanding region of cleared Pol II on long genes 156 suggests that Pol II further into the gene body is moving faster than the advancing wave 157 upon loss of Cdk9 activity. To determine the rate of this "clearing" population of Pol II 158 we further adapted the Danko et al. model 18 to identify the region between the advancing 159 and clearing waves, which thus contains the start of the clearing wave (Extended Data 160 Fig. 7b ). Because the clearing population is fleeting and only present on the longest 161 genes, we were forced to omit the five-minute time point and further restrict our analysis 162 to 28 genes longer than 6 kb. Again, clearing wave positions predicted by the model 163 agreed well with PRO-seq profiles (Fig. 4d ) and receded away from the TSS on average 164 (Fig. 4e) . Moreover, the average transcription rate of clearing complexes was estimated 165 to be 1061 bp/min (Fig. 4f) , significantly faster than the advancing wave (Extended Data 166 Fig. 8a) . Moreover, analysis of post-CPS elongation after 20 minutes of Cdk9 inhibition 167
shows a narrowed zone of termination (Extended Data Fig. 8b, c, N84T/L87G (referred to hereafter as mcs6 as5 ), which had a 281 growth rate indistinguishable from that of wild-type cells in the absence of 3-MB-PP1, 282
and was sensitive to growth inhibition by 3-MB-PP1 with an IC 50 ≈ 5 µM, which was 283 nearly identical to that of cdk9 as (Extended Data Fig. 3a) . 284
285
Monitoring loss of target phosphorylation upon kinase inhibition. For measuring 286 loss of phosphorylation on Spt5 and Rpb1 upon CDK inhibition, cell lysates were rapidly 287 prepared using the trichloroacetic acid (TCA) lysis method 26 . Briefly, cultures were 288 grown to a density of ~1.2 x10 7 cells/ml in YES media at 30°C prior to treatment. replicates, where all time-points for a given replicate was performed on cells from the 312 same large culture. Each time-point treatment was performed as described above. In 313 order to limit differences in time on ice before permeabilization, treatment time-points 314 were carried out in reverse order. The 2.5, 1, and 0.5-minute treatments were performed 315 separately to ensure accuracy of timing. Fig. 2) , 367 allowing us to combine the raw data from replicates (pre-alignment) for added read depth 368 when useful. In one particular sample, mcs6 as5 treated with 3-MB-PP1 for 5 minutes, we 369 ultimately omitted biological replicate one (Extended data Table 2 ) from all analysis in 370 this work, including composite profiles, due to concerns with the library quality. 371
Importantly, limiting differential expression analysis between treated and untreated 372 samples to only one replicate in the treated condition reduces power to detect differences 373 due to overestimates of variance 13 . Although the number of real changes in the tested 374 gene regions after inhibition of mcs6 as may be higher than listed in Figure 2e , the 375 reported global shifts in Pol II distribution can be seen in individual replicates. 376 377 Experimental batches. Three "batches" of experiments were performed to generate the 378 data in this work (Extended Data Table 2 ). In order to minimize noise introduced from 379 across-batch comparisons, all analyses presented herein were restricted to PRO-seq 380 libraries prepared within the same batch. 381
Gene sets. All genes used in this work were required to have an observed transcription 383 start site, as previously identified (n = 4672) 4 , and this observed TSS was used 384 throughout. We then filtered genes for "activity" in our untreated, wild type data. A gene 385 was considered active if the read density within the gene body was significantly higher (p 386 < 0.01) than a set of intergenic "background" regions, based on a Poisson distribution 387 with λ = background density (λ = 0.0402; n active = 4589). Finally, to minimize the 388 possible influence of read-through transcription from upstream genes, we filtered genes 389 based on the relative amounts of PRO-seq signal directly upstream of the TSS. Thus, we 390 only considered genes with more downstream (+250 to +550) relative to immediately 391 upstream (-300 to observed TSS; n = 3330). 392 393 Differential expression analysis. Raw reads from the appropriate strand were counted 394 within specified windows using custom scripts. Differential expression analysis was 395 performed for desired regions using the DESeq2 R package 13 . Rather than using default 396 between-sample normalization approaches, we supplied our own spike-in based 397 normalization factors (Extended data table 2) using the "sizeFactors" argument. Genes 398 and regions were considered significantly changed (up or down) if they were computed to 399 have an adjusted p-value < 0.01. 400
401
Advancing and clearing wave analysis. Both advancing and clearing waves were 402 identified using a three state Hidden Markov Model (HMM) that was previously 403 developed and implemented on GRO-seq data from a human cell line 18 . To increase the 404 number of time points for which we could identify advancing waves, we restricted our 405 analysis to calling waves on filtered genes longer than 4 kb (n = 224) at each time point 406 up to five minutes. Wave calling parameters were adjusted to accommodate the smaller 407 genes of yeast. For calling advancing waves, the upstream region used was set to -500 to 408 the observed TSS for each gene. Approximate wave distances, used to initialize the 409 model, were set based on estimates derived from inspecting the fold-change heat maps 410 (30 sec = 1 kb; 1 min = 1.5 kb; 2.5 min = 2.5 kb; 5 min = 3.5 kb). Wave distances were 411 determined based on the difference in signal within 50 bp windows between treated and 412 untreated. The wave quality was determined based on the criteria used previously 18 . We 413 further required that for each gene, a wave must be called for all used time points 414
(maximum 5 minutes) using the combined replicate data, and that the calls must not 415 recede toward the TSS with time (n = 43). 416
To identify regions containing the faster population of Pol II (i.e. the clearing 417 wave), we adjusted the HMM to identify the region between the advancing and clearing 418 waves. For this task we used the first 1000 nt downstream of the observed TSS (within 419 the advancing wave) to initialize the first state of the HMM. Unlike the model used to 420 call the advancing wave, which assumed the upstream state to be normally distributed, all 421 three states were presumed to behave according to distinct gamma distributions. Because 422 of the fleeting nature of this population of polymerases observed in our time course, we 423
were further limited to analysis of filtered genes longer than 6 kb (n = 38). Again, 50 nt 424 windows were used to tile across genes, however an additional smoothing parameter in 425 the model arguments (TSmooth) was set to 5 as a way of restricting the effect of windows 426 with outlying differences between treated and untreated. For each gene, we required that 427 the model be able to identify a distinct clearing wave (Kullback-Leibler divergence > 1, 428 between states 2 and 3) at each time point and that did not move towards the TSS with 429 time (n = 28). 430 We employed two methods to assess the confidence in measured average rates. 431
For the first, bootstrapping approach, an average rate was calculated using 10% of genes 432 for which we called waves. This process was repeated 1000 times (with replacement), Extended Data Figure 1 increasing durations of treatment with 20 µM 3-MB-PP1. From top to bottom, antibodies 571 were raised against, Spt5-P, total Spt5, Ser2-P, Ser5-P, Ser7-P, Rpb1, or Tubulin (loading 572 
